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Two existing evaporation two-phase heat transfer models are validated using 526 experimental 
data points for pure refrigerants and refrigerant mixtures. The Kido et al. (1995) model fails to predict 
pure refrigerant data sets except their R22 experimental data set.  The Cavallini et al. (1999) model 
successfully predicts the available R22 data sets; however, the model over-predicts the R12 and the R134a 
data sets. In addition, the Cavallini et al. (1999) mixture model fails to predict the available 155 refrigerant 
mixture data points. The proposed modified model, based on the Cavallini et al. (1999) model, 
successfully predicts the experimental data for pure refrigerant and for refrigerant mixtures.
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NOMENCLATURE
A Total heat transfer surface area (m2)
Ac Cross-sectional flow area (m2)
Af Cross-sectional fin area including wall (m2)
AreaRatio Dimensionless parameter (Amf / Asm) describes the increase rate of the heat transfer 
surface area due to micro-fin (equation 3.3)
Bo Boiling number (equation 2.6)
BonW Bond number adopted from Webb (1988) (equation 2.36)
Bon* Modified bond number used in Kido et al. (1995) correlation. (equation 2.26)
b Width of micro-fin valley bottom  (m)
bd Bubble diameter
Co Convective number (equation 2.5)
Coef Number of Coefficients (empirical constants) (equation 4.1)
cp Specific heat (J/kg-K)
di Inner-tube diameter  (m)
dh Hydraulic diameter (m)
dmean Mean inner-tube diameter  (m)
do Outer-tube diameter  (m)
E Enhancement factor (equation 2.2)
e Micro-fin fin height  (m)
Fr Froude number (equation 2.7)
G Total mass flux (kg/m2-s)
g Gravitational acceleration  (m/s2)
x 
   
  
   
    
   
   
   
   
   
   
   
    
   
    
    
   
    
   
   
   
   
   
   
   
   
   
   
   
hcb Heat transfer coefficient for convective boiling region (W/m2-K)
hl Heat transfer coefficient for liquid phase only  (W/m2-K)
hnb Heat transfer coefficient for nucleate boiling region (W/m2-K)
hpb Heat transfer coefficient for pool boiling  (W/m2-K)
htp or h Two-phase heat transfer coefficient  (W/m2-K)
ifg Specific enthalpy of vaporization (J/kg)
ifg_m Specific enthalpy of vaporization for refrigerant mixture at isobaric condition (J/kg)
k Thermal conductivity  (W/m-K)
L Heated test section length (m)
M Molecular weight
MAD Mean absolute deviation (equation 3.1)
N Total number of data points




Pr Prandtl number (dimensionless)
p Micro-fin pitch  (m)
q Surface heat flux (W/m2)
Re Reynolds number (dimensionless)
Rx Geometry parameter proposed by Hori and Shinohara (1991) (equation 2.35)
S Suppression factor (equation (2.2)
Sp Perimeter of one fin and channel taken perpendicular to the axis of the fin (m)



















   
  
   
   
1 More volatile component in binary mixture
2 Less volatile component in binary mixture
xiv
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condenses within a range of saturation temperatures. This temperature range is called the “temperature 
glide.” Temperature glide is defined as the temperature difference between the bubble-point temperature 
and the dew-point temperature.  However, a pure refrigerant evaporates and condenses at a constant 
saturation temperature at an isobaric condition. Refrigerant mixtures have different temperature glides for 
different molar compositions. There are two types of refrigerant mixtures, azeotropic and zeotropic. Over 
the entire composition range for an azeotropic mixture, there is a particular composition for which the 
azeotropic mixture behaves exactly like a pure refrigerant.  In other words, for this particular composition, 
an azeotropic mixture undergoes two-phase processes with a constant saturation temperature at an isobaric 
condition. At this particular composition, the azeotropic mixture is called “azeotrope.”  In reality, a perfect 
azeotrope is highly uncommon and its specific composition is extremely hard to attain. A zeotropic 
mixture behaves relatively similar to an azeotropic mixture. However, for the entire molar comp osition 
range for a zeotropic mixture, there is no single composition that allows the zeotropic mixture to behave 
like the azeotrope. 
The main purpose of the current research is to carefully review the previous research concerning 
the in-tube boiling for smooth and micro-fin tubes using pure refrigerants and refrigerant mixtures.  Two 
existing evaporative heat transfer models are further analyzed and evaluated to ensure their validity for the 
existing experimental database. Improvements to the existing heat transfer model are proposed.  The 
recommended heat transfer model will be a general model that is capable of predicting heat transfer 
coefficients for different refrigerants, including pure refrigerants and refrigerant mixtures, flowing inside 






















Since late eighties, many correlations have been introduced to predict the in-tube boiling heat 
transfer coefficients for horizontal tubes. Due to the complexity of the heat transfer process in in-tube flow 
boiling, many proposed mathematical models are empirical or semi-empirical.  According to Darabi et al. 
(1995), the proposed correlations can be classified into four main categories: 
- models based on dimensional analysis 
- models based on the addition of the nucleate boiling contribution and the convective 
boiling contribution
- models that use the larger of the nucleate boiling component or the convective boiling 
component based on the dimensionless parameter, the boiling number (Bo)
- asymptotic models based on a power-type addition of the nucleate boiling component and 
the convective boiling component.
The following literature review is presented in four parts: the correlations for pure refrigerant 
inside smooth tubes, the correlations for pure refrigerant inside micro-fin tubes, the correlations for 
refrigerant mixtures inside smooth tubes, and the correlations for refrigerant mixtures inside micro-fin 
tubes.
Correlations for Pure Refrigerant Flowing inside Smooth Tubes
The first general correlation for in-tube saturated flow boiling was proposed by Chen (1966).  This 
correlation was proposed for vertical tube application only. However, the Chen correlation served as the 
basis for future development of both vertical and horizontal tube applications.  Chen proposed that 
3 
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Reynolds number, Rel. The suppression factor, S, was proposed to account for heat transfer suppression 
that is controlled by the effectiveness of the convection boiling heat transfer, hcb. The Cooper (1984) 
correlation for pool boiling heat transfer coefficient was used in Gungor and Winterton (1986) correlation.  
The Froude number, Fr, was also incorporated in the correlation to account for tube orientation (horizontal 
or vertical). Kandlikar (1990) validated the Gungor and Winterton (1986) correlation with his 5000 data 
points from 24 data sets, and the model achieved a mean deviation around 25%. 
Klimenko (1988) introduced a correlation for convective boiling heat transfer for both vertical and 
horizontal channels.  His correlation is in dimensionless form, and his approach is quite similar to Shah’s 
(1977) approach. Klimenko further refined his correlation in 1990. Klimenko (1990) correlation is 
restricted to wetted tube wall, and the heat transfer is assumed to be independent of channel diameter.  
Klimenko proposed his correlation based on 3125 data points from 75 sources for 21 different fluids 
including water, organic fluids, refrigerants, and cryogens. His model achieved a mean deviation of 14.4% 
compared with the experimental data.
The Jung et al. (1989) correlation used the Chen (1966) model as the basis for their correlation. 
This correlation is also extended to predict the heat transfer coefficient for flow boiling inside smooth tubes 
with refrigerant mixtures.  The mixture effects in the correlation will be discussed in the next section. For 
pure refrigerant flowing inside a smooth tube, Jung et al. (1989) observed the same behavior as discussed 
by Chen (1966). The observation during the boiling process suggested that there are two main regions that 
exist over a wide range of vapor quality. The heat transfer coefficient is a strong function of heat flux in 
the nucleate boiling region and the heat transfer coefficient is independent of the heat flux in the convective 
boiling region.
Jung et al. (1989) also determined that in the region where convective boiling is dominant and the 
nucleate boiling contribution is suppressed, the two-phase heat transfer coefficient htp, is proportional to 
mass flux to the eight-tenths power, G0.8 . The convective boiling component is evaluated from the single-
phase heat transfer coefficient with an enhancement factor. The Dittus-Boelter (1930) equation was chosen 
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Table 3.1: Flow Conditions for Pure Refrigerants Flowing inside Micro-fin Tubes










530.0 10.5 – 35.5 25 – 275 0.10 – 0.95 








13.6 – 64.3 130 – 400 0.05 – 0.88
Eckels et al. 
(1994)
11 R134a 1 18.5 – 59.3 85 – 375 0.05 – 0.88
Eckels et al.
(1998a)
8 R134a 1 18.2 – 54.5 125 – 375 0.05 – 0.88 
Eckels et al.
(1998b) 
9 R134a 2 12.8 – 42.2 85 – 250 0.05 – 0.88
Hitachi Cable 
(1987)
22 R22 0.8 10.0 100 – 300 0.60




R22 490.0 9.3 86 – 345 0.10 – 0.90
Kuo and Wang 
(1996a) 
24 R22 6 6.0 – 14.0 100 – 300 0.10 – 0.80 
Kuo and Wang 
(1996b) 




31 R123 202.7 0 – 30.0 93 – 278 0.10 – 1.00
Muzzio et al.
(1998)
26 R22 5 5.4 – 24.1 90 – 400 0.35 – 0.75 
Schlager L. M. 
(1988)
25 R22 0 – 6 15.4 – 51.7 125 – 400 0.10 – 0.90
Shinohara and 
Tobe (1985)
9 R22 400.0 10.0 120 – 300 0.60
Yasuda et al. 
(1990)

























phase heat transfer coefficient. The dashed lines present the ±30% mean absolute deviation lines.  There 
are some minor over-prediction results in figure 3.1.  The model achieves a mean absolute deviation around 
30%. The Kido et al. (1995) experimental data include a few data points at high vapor quality region, 
which are identified to be in the dry-out region.  Once these data points are excluded from the data set, the 
model provides a relatively low mean absolute deviation of 11.8%. The prediction results agree with the 
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The Kido et al. (1995) model is also validated using the R22 experimental data set from Kuo and 
Wang (1996a). Figure 3.3 illustrates the prediction results with a 45.9% mean absolute deviation. 


























4 4 40 5000 1 .10 1.5 .10 2 .10 
Figure 3.3: Kido et al. (1995) Model on the Kuo and Wang (1996a) Data Set
Further analysis is done on this data set. In figures 3.4 and 3.5, the lines represent the prediction 
results and symbols show the experimental data.  Figure 3.4 illustrates the two-phase heat transfer 
coefficient versus the vapor quality at constant mass flux G (200 kg/m2-s) but increasing heat flux q (6, 10, 
and 14 kW/m2). The arrows in figure 3.4 symbolize the increasing heat flux. Figure 3.5 presents the two-
phase heat transfer coefficient versus vapor quality at constant heat flux q (10 kW/m2) but increasing mass 
flux G (100, 200, and 300 kg/m2-s).  The arrows in figure 3.5 symbolize the increasing mass flux. The 
model predicts that the two-phase heat transfer coefficient increases with increasing heat flux and 
increasing mass flux. However, the model under-predicts the experimental results by 50%.  The 
experimental results tend to have a convex behavior as the quality increases, but the model exhibits a 







                                                
                                            
 

























0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 











                                                                                
                                       
 
                                                    




















0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 














Figure 3.4: Kido et al. (1995) Model on the Kuo and Wang (1996a) Data Set 
(constant G, increasing q)
Figure 3.5: Kido et al. (1995) Model on the Kuo and Wang (1996a) Data Set 












Figure 3.6 presents a comparison between the Murata and Hashizume (1993) R123 data set and 
the Kido et al. (1995) model. The model achieves a mean absolute deviation of 26.1%. The model 
provides relatively close prediction to the data points in the low quality region, 0.1 < x < 0.5. As the vapor 
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.
Figure 3.6: Kido et al. (1995) Model on the Murata and Hashizume (1993) Data Set
The R134a experimental data from Bogart and Thors (1999) were also tested using the Kido et al. 
(1995) model. Figure 3.7 shows the two-phase heat transfer coefficient, htp, versus mass flux, G. The solid 
line represents the model, and the cross symbols represent the data set. The mean absolute deviation 
achieved is around 38.5 %. The model fails to predict the behavior of the heat transfer coefficient with 
increasing mass flux. It over-predicts the experimental data at low mass flux (G<100 kg/m2-s), but it 




































The validation process was similar to that in the previous section; MathCAD 2000 computer 
software was used to perform the necessary calculations to implement the Cavallini et al. (1999) model.  
The sample property file and data file are similar to the file format presented in Appendix A. Sample 
model and calculation files are shown in Appendix B. 
Figure 3.8 presents the Cavallini et al. (1999) model using the Eckels et al. (1991) R12 
experimental data. As shown in figure 3.8, the model generally over-predicts R12 experimental data and 
achieves a mean absolute deviation of 31.3%. The model exhibits a consistent trend of the two-phase heat 
transfer coefficient, htp, variation as the mass flux, G, increases. The result in figure 3.8 contradicts the 
result reported by Cavallini et al. (1999). Cavallini et al. (1999) claimed that the model achieved a smaller 
mean absolute deviation of 14.8%. 
Figure 3.8: Cavallini et al. (1999) Model on the Eckels et al. (1991) R12 Data Set
The Cavallini et al. (1999) model is also tested on the R123 experimental data of Murata and 
Hashizume (1993). Figure 3.9 shows the prediction results. The observed mean absolute deviation is about 
13.1%. This result agrees with those presented by Cavallini et al. (1999). The model predicts well the 











(1993) generated the two-phase heat transfer coefficient data from mean values at two axial locations, inlet 
and outlet of the test section. At the conditions where x ~ 1, the authors selected the two-phase heat 
transfer coefficient obtained from the inlet of the test section instead of the mean value of the two axial 
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Figure 3.9: Cavallini et al. (1999) Model on the Murata and Hashizume (1993) R123 Data Set
More recent and updated R134a data from Bogart and Thors (1999) are used to validate the 
Cavallini et al. (1999) model. Figure 3.10 represents the prediction results of the two-phase heat transfer 
coefficient, htp, versus mass flux, G. Figure 3.10 clearly demonstrates that the model provides good 
prediction at mass fluxes of 150 to 300 kg/m2-s.  The model greatly over-predicts the experimental data in 
the low mass flux region. The mean absolute deviation achieved is 38.6%. 
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Figure 3.10: Cavallini et al. (1999) Model on the Bogart and Thors (1999) R134a Data Set
Other R134a experimental data sets are available from Eckels et al. (1991, 1994, 1998a, 1998b). 
For these particular data sets, the Cavallini et al. (1999) model is capable of predicting the trend of the two-
phase heat transfer coefficient, htp, with increasing mass flux, G. As shown in figures 3.11 and 3.12, the 
model over-predicts all these data points.  The mean absolute deviation observed is 33.9%. These results 
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Figure 3.11: Cavallini et al. (1999) Model on the Eckels et al. (1991) R134a Data Set 
Figure 3.12: Cavallini et al. (1999) Model on the Eckels et al. (1991, 1994, 1998a,b) R134a Data Sets
The Cavallini et al. (1999) model was also validated by a total of nine experimental data sets for 
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Figure 3.13 presents the predicted two-phase heat transfer coefficient, htp, versus mass flux, G, for 
the Bogart and Thors (1999) R22 data set. The model over-predicts the data for mass fluxes from 30 to 90 
kg/m2-s.  In the medium and high mass flux regions, the model provides relatively good predictions. The 
mean absolute deviation is around 26.2%
Figure 3.13: Cavallini et al. (1999) Model on the Bogart and Thors (1999) R22 Data Set
The Cavallini et al. (1999) model is also tested on experimental data obtained from Hitachi Cable 
review (1987).  Figure 3.14 shows that the model is capable of predicting the experimental data within an 
acceptable range; however, high deviation is observed at the medium quality region, 0.4 < x < 0.8. The 
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Figure 3.14: Cavallini et al. (1999) Model on the Hitachi Cable (1987) R22 Data Set
Table 3.8 summarizes all the prediction results and the mean absolute deviations. The R22 
prediction results for Bogart and Thors (1994), Muzzio et al. (1998), Schlager (1988), Shinohara and Tobe 
(1985) and Yasuda et al. (1990) data sets closely agree with the results claimed by Cavallini et al. (1999).
Table 3.8: Mean Absolute Deviation (MAD) Between the Experimental Data and 
                  the Prediction Data from the Cavallini et al. (1999) Pure Refrigerant Model
Reference Refrigerant MAD
Bogart and Thors (1994) R22 11.4%








Eckels et al. (1994) R134a 29.2%
Eckels  et al.(1998a) R134a 23.8%
Eckels et al.(1998b) R134a 16.1%
Hitachi Cable (1987) R22 23.3%
Kuo and Wang (1996a) R22 11.6 %
Kuo and Wang (1996b) R22 18.1%
Murata and Hashizume (1993) R123 13.1%
Muzzio et al.(1998) R22 3.0%
Schlager L. M. (1988) R22 5.8%
Shinohara and Tobe (1985) R22 7.7%
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Figure 3.15: Cavallini et al. (1999) Mixture Model on the Murata and Hashizume (1993)
 R123/R134a (90/10 mole%) Data Set
Three R407c experimental data sets, 52 data points, are available from three different sources to 
validate the Cavallini et al. (1999) mixture model.  These data sets are from Bogart and Thors (1999), Ebisu 
and Torikoshi (1998), and Kuo and Wang (1996). 
The Bogart and Thors (1999) experimental data provide the two-phase heat transfer coefficient, 
htp, variation with increasing mass flux. Figure 3.16 illustrates the experimental data and model 
predictions. The model fails to predict the experimental data at the low mass flux region, where G is 
between 30 and 100 kg/m2-s.  Cavallini et al. (1999) also observed a high deviation in their model while 
predicting R407c data sets in the low mass flux region, namely G ~ 100 kg/m2-s.  The Cavallini et al. 
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Figure 3.16: Cavallini et al. (1999) model on the Bogart and Thors (1999) R407c Data Set
The Ebisu and Torikoshi (1998) R407c data set is presented in figure 3.17, and the model over-
predicts the data set with a mean absolute deviation of 68.8%. However, the model predicts the correct 
trend of the two-phase heat transfer coefficient, htp, variation with increasing mean vapor quality, x. The 
experimental condition was maintained at a constant mass flux G = 300 kg/m2-s and a constant heat flux    
q = 7.5 kW/m2. The result presented in figure 3.18 contradicts to the claim by Cavallini et al. (1999), who 
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Figure 3.17: Cavallini et al. (1999) Model on the Ebisu and Torikoshi (1998) R407c Data Set
Figures 3.18 and 3.19 represent the R407c data sets from Kuo and Wang (1996a) compared with 
the Cavallini et al. (1999) mixture model. Figure 3.18 illustrates the variation of two-phase heat transfer 
coefficient, htp, with respect to vapor quality, x, at constant mass flux, G, with increasing heat flux, q. 
Figure 3.19 shows the same data but is at constant heat flux, q, with increasing mass flux, G. The model 
predicts the experimental data with low deviation in the high mass flux and the high heat flux regions. At 
low and medium mass fluxes and heat fluxes regions, the deviations are significant.  The observed mean 
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Figure 3.18: Cavallini et al. (1999) Model on the Kuo and Wang (1996a) R407c Data Set
 (Constant G = 200 kg/m2-s, q = 6, 10, and 14 kW/m2)
Figure 3.19: Cavallini et al. (1999) Model on the Kuo and Wang (1996a) R407c Data Set
 (Constant q = 10 kW/m2, G = 100, 200, and 300 kg/m2-s)
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Figure 3.21: Cavallini et al. (1999) Model on the Bogart and Thors (1999) R507a Data Set
Table 3.8 summarizes the prediction results using the Cavallini et al. (1999) mixture model on all 
the available refrigerant mixture data sets. Even though the model was originally developed for zeotropic 
mixtures, the results demonstrate that the model generates slightly better predictions for azeotropic 
mixtures than for zeotropic mixtures. The mean absolute deviations shown in table 3.8 are still relatively 
large and these values are larger than the acceptable mean absolute deviation, which is 30%. 
Table 3.9:  Mean Absolute Deviation (MAD) Between the Experimental Data and 
the Prediction Data from the Cavallini et al. (1999) Mixture Model
Reference Refrigerant MAD




Cui et al. (1986)  R502 46.6%
Ebisu and Torikoshi (1998) R407c 68.8%
Kuo and Wang (1996a) R407c 57.5%










Overall, the Kido et al. (1995) pure refrigerant model fails to generate acceptable prediction results 
to most of the pure refrigerant data sets except their own R22 data sets.  The Cavallini et al. (1999) pure 
refrigerant model provides excellent prediction results for pure refrigerant data sets, except data sets using 
R12 and R134a. The Cavallini et al. (1999) mixt ure model provides relatively high mean absolute 
deviations on the available zeotropic mixture (R407c) data sets, except the mixture of R123/R134a. The 
Cavallini et al. (1999) mixture model was originally developed for zeotropic mixtures, however, it 
applicability was tested on azeotropic mixtures.  The mean absolute deviations observed in azeotropic 
mixtures are slightly lower than that of the zeotropic mixtures. This mixture model is likely applicable to 
azeotropic mixtures since both azeotropic mixtures (except the azeotrope) and zeotropic mixtures have 
similar behaviors in two-phase flow processes.
The Cavallini et al. (1999) pure refrigerant and refrigerant mixture models are proven to be 
relatively reliable; however, minor modifications are required in order to achieve better prediction results.  
The next two chapters introduce the correlation optimization process and make appropriate 
recommendations to further refine the Cavallini et al. (1999) pure refrigerant and refrigerant mixture 
models.
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Table 4.3: Mean Absolute Deviation (MAD) Achieved by 
the Cavallini et al. (1999) Pure Refrigerant Model and the Modified Pure Refrigerant Model
Reference Refrigerant MAD
Cavallini et al. (1999)
MAD
Modified Model
Bogart and Thors (1994) R22 11.4% 6.5%












Eckels et al. (1994) R134a 29.2% 8.4%
Eckels et al.(1998a) R134a 23.8% 5.7%
Eckels et al.(1998b) R134a 16.1% 7.4%
Hitachi Cable (1987) R22 23.3% 15.5%
Kuo and Wang (1996a) R22 11.6 % 14.5%
Kuo and Wang (1996b) R22 18.1% 15.8%
Murata and Hashizume (1993) R123 13.1% 11.2%
Muzzio et al.(1998) R22 3.0% 5.4%
Schlager L. M. (1988) R22 5.8% 10.1%
Shinohara and Tobe (1985) R22 7.7% 4.4%
Yasuda et al. (1990) R22 11.6% 17.7%
Table 4.3 clearly shows that the prediction results improved significantly with the modified model. 
Strong improvements are observed in the R12 and the R134a data sets. These improvements are achieved 
without affecting the predictive accuracy for the R22 data sets.  
Figure 4.1 illustrates the improvement achieved using the modified model on the Eckel et al. 
(1991) R12 data sets. The modified model gives a mean absolute deviation of 14.9% compared to the 
prediction results of 31.3% from the Cavallini et al. (1999) model.  A significant improvement is observed. 
The modified model also captures the appropriate heat transfer coefficient, htp, variation with increasing 
mass flux, G.
  Figure 4.2 presents part of the data from the Murata and Hashizume (1993) R123 data set and the 
prediction results from both the Cavallini et al. (1999) and the modified models. The modified model again 
provides better predictions, especially in the high quality region, where 0.6 < x < 0.9. For the entire R123 
data set of Murata and Hashizume (1993), the modified model gives a mean absolute deviation of 11.2% 
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Figure 4.1: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models 
on the Eckel et al. (1991) R12 Data Set
Figure 4.2: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models
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The modified model also generates excellent prediction results to the Eckels et al. (1994, 1998a, 
1998b) data sets. Figures 4.3 to 4.6 illustrates the prediction results of the two models using the Eckel et al. 
R134a data sets. These four figures demonstrate that the modified model generates closer prediction for the 
R134a experimental data sets than the original Cavallini et al. (1999) model.
Figure 4.3: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models



















Cavallini et al. (1999) Model 
Experimental Data 
Modified Model 
75 183.33 291.67 400 
Mass Flux, G 
4 




















Mass Flux, G 



















Figure 4.4: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models
 on the Eckels et al. (1994) R134a Data Set
Figure 4.5: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models
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Figure 4.6: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models
 on the Eckels et al. (1998b) R134a Data Set
Figure 4.7 illustrates the prediction results of the two models for the Bogart and Thors (1999) 
R134a data set. In this case, the modified model only slightly improves the prediction result; however, it 
still over-predicts the experimental results for the low mass flux region, 30 < G < 100 kg/m2-s.  With the 
additional parameter, the boiling number Bo, included in the nucleate boiling term, to be discussed in the 
last chapter, the above over-prediction is likely to be reduced.  Similar trends are also observed in the 
Bogart and Thors (1999) R22 data set shown in figure 4.8. For these two data sets, the modified model 
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Figure 4.7: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models
 on the Bogart and Thors (1999) R134a Data Set
Figure 4.8: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models
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Figure 4.9 shows the results of the two predictive models for the Bogart and Thors (1994) R22 
data set. The Cavallini et al. (1999) model predicts the data set with a mean absolute deviation of 11.4%, 
and the modified model produces a lower mean absolute deviation of 6.5%. The modified model produces 
a closer match to the experimental data set.
Figure 4.9: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models
 on the Bogart and Thors (1994) R22 Data Set
Figure 4.10 presents a set of R22 data from the Hitachi Cable Review (1987) compared with the 
results of the two predictive models.  The modified model provides better prediction result at medium 
quality region, 0.4 < x < 0.8. The mean absolute deviation of the modified model is 15.5% compared to 
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Figure 4.10: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models 
on the Hitachi Cable (1987) R22 Data Set
Compared to the Cavallini et al. (1999) model, the modified model provides slightly higher mean 
absolute deviation for certain R22 data sets, for instance, Muzzio et al. (1998), Schlager (1988), and 
Yasuda et al. (1990). For data from Muzzio et al. (1998), the modified model provides about 2% higher 
mean absolute deviation than the Cavallini et al. (1999) model. As depicted in figure 4.11, the increase of 
the mean absolute deviation in this particular case is not significant. Figure 4.12 illustrates the higher mean 
absolute deviation in the modified model for the Schlager (1988) data set. The increase of the mean 
absolute deviation is not significant.  Mean absolute deviations of the modified model observed from 
Yasuda et al. (1990) R22 data set are even higher. The prediction results are shown in figure 4.13. The 
mean absolute deviation from the modified model is, 17.7% while the Cavallini et al. (1999) model 
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Figure 4.11: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models 
on the Muzzio et al. (1998) R22 Data Set
Figure 4.12: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models 
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Figure 4.13: Comparison Between the Cavallini et al. (1999) and the Modified Pure Refrigerant Models 
on the Yasuda (1990) R22 Data Set
Overall, the modified model successfully generates excellent prediction results to most of the 
experimental data sets, which include the pure refrigerants R22, R12, R134a, and R123.  The mean 
absolute deviation is around +16%. The modified model provides only slightly higher mean absolute 
deviation for the Eckel et al. (1991) R134a data set and the Bogart et al. (1999) R22 and R134a data sets.
With the success in generating better prediction results using the modified pure refrigerant model, 
better predictions are possible for the refrigerant mixture model using similar concepts in generating the 
empirical constants. For preliminary calculation, the Cavallini et al. (1999) mixture model from equation 
3.9 is selected; however, the empirical constants in the nucleate boiling and convective boiling terms must 
be generated from refrigerant mixture data sets. The refrigerant mixture data are obtained from the 
available 155 data points shown in table 3.3.  The two-phase heat transfer coefficient, htp_ideal, used in the 
mixture correction factor Fc is obtained from the modified pure refrigerant model with the newly 




















































    
    







constants for the modified mixture model are listed in table 4.5. The new empirical constants also have 
accuracy of 4 significant digits. 
Table 4.5: Empirical Constants in the Modified Refrigerant Mixture Model








The prediction results for the modified mixture model and the Cavallini et al. (1999) mixture 
model are presented in table 4.6.
Table 4.6: Mean Absolute Deviation (MAD) Achieved by the Cavallini et al. (1999) Mixture Model
 and the Modified Mixture Model 
Reference Refrigerant MAD
Cavallini et al. (1999)
Mixture Model
MAD
Modified Mixt ure 
Model






Cui et al. (1986)  R502 46.6% 11.1%
Ebisu and Torikoshi (1998) R407c 68.8% 3.8%
Kuo and Wang (1996a) R407c 57.5% 26.4%
Murata and Hashizume (1993) R123/
R134a
23.5% 21.5%
The modified mixture model does not provide significant improvement to the prediction results on 
the Murata and Hashizume (1993) R123/R134a mixtures data set. The mean absolute deviation achieved is 
around 22%, which is comparable with the results obtained from the Cavallini et al. (1999) mixture model.  
On the other hand, the modified mixture model shows significant improvement on the prediction 
results for all the R407c data sets, especially the data set from Ebisu and Torikoshi (1998). Figure 4.14 
illustrates the prediction results between the Cavallini et al. (1999) mixture model and the modified mixture 
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model provides predictions relatively close to the experimental data.  The modified mixture model, 
however, slightly over-predicts some data in the low mass flux region, 30 < G < 100 kg/m2-s.  The mean 
absolute deviation improves from 63.1% to 32.1%. 
Figure 4.14: Comparison Between the Cavallini et al. (1999) and the Modified Mixture Models 
on the Bogart and Thors (1999) R407c Data Set 
Figure 4.15 exemplifies the best achievement of the modified mixture model on the R407c data set 
from Ebisu and Torikoshi (1998). The Cavallini et al. (1999) mixture model obtained a mean absolute 
deviation close to 70% on this data set, but the modified mixture model achieves the mean absolute 
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Figure 4.15: Comparison Between the Cavallini et al. (1999) and the Modified Mixture Models 
on the Ebisu and Torikoshi (1998) R407c Data Set
The modified mixture model also provides better prediction results to the Kuo and Wang (1996a) 
R407c data sets. Again, the prediction results of the modified mixture model show a significant 
improvement. Overall, the modified mixture model is capable of predicting most of the available R407c 
data sets within an acceptable mean absolute deviation.
Figure 4.16 demonstrates part of the R502 data sets from Cui et al. (1986) compared with both the 
mixture models. The Cavallini et al. (1999) mixture model fails to predict the trend of the two-phase heat 
transfer coefficient, htp, with respect to the increasing mass flux, G. However, the modified mixture model 
successfully predicts the tread of the two-phase heat transfer coefficient, htp, with increasing mass flux. The 
mean absolute deviation from the modified mixture model is around 11%. The Cavallini et al. (1999) 
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Figure 4.16: Comparison Between the Cavallini et al. (1999) and the Modified Mixture Models 
on the Cui et al. (1986) R502 Data Set
Figure 4.17 illustrates the prediction results on the R507a data set from Bogart and Thors (1999).  
The figure shows that the modified mixture model provides better prediction results than the original 
Cavallini et al. (1999) mixture model, especially for the experimental data in the low mass flux region, 30 < 
G < 100 kg/m2-s.  The modified model slightly over-predicts the data set in the high mass flux region, G > 
250 kg/m2-s.  The mean absolute deviation from the modified mixture model is 16.5%. 
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Figure 4.17: Comparison Between the Cavallini et al. (1999) and the Modified Mixture Models 
on the Bogart and Thors (1999) R507a Data Set
As a whole, the modified mixture model has better prediction capability than the Cavallini et al. 
(1999) mixture model. The modified model provides average mean absolute deviations around 20% on all 
the available refrigerant mixture data sets. The modified model generates slightly higher mean absolute 









CRITIQUES ON THE CAVALLINI et al. (1999) HEAT TRANSFER 
MODEL and FUTURE WORKS RECOMMENDATIONS
The original Cavallini et al. (1999) pure refrigerant model is validated to predict all the available 
R22 experimental data sets within an acceptable mean absolute deviation (~30%). However, this model 
provides high mean absolute deviation for most the R134a and the R12 experimental data sets.  High 
deviations are observed in the Bogart et al. (1999) R134a data set and the Eckels et al. (1991) R134a and 
R12 data sets. The Cavallini et al. (1999) pure refrigerant model has been modified to provide acceptable 
prediction results to most of the pure refrigerant data sets.
The boiling number, Bo, is an important dimensionless parameter that characterizes the behavior 
of the boiling process, especially in nucleate boiling region.  The mathematical form of Bo is listed in 
equation 2.6. Jung et al. (1989) and Gungor and Winterton (1987) used the boiling number Bo to account 
for nucleate boiling effect in their heat transfer model. Murata and Hashizume (1993) proved that the two-
phase heat transfer coefficient is strongly dependent on the Martinelli parameter, Xtt, and the boiling 
number, Bo, in smooth tubes. For the case of micro-fin tube, Murata and Hashizume (1993) showed that 
the effect of the boiling number, Bo, in the nucleate boiling region becomes unclear, but its effect is still 
significant in the experimental data. The Cavallini et al. (1999) pure refrigerant model can be improved by 
including the boiling number, Bo, in the nucleate boiling heat transfer coefficient, hnb, term as shown in 
equation 2.29.
The hydraulic diameter, dh, is a more appropriate parameter to evaluate the micro-fin tube heat 




























The Kido et al. (1995) model and the Cavallini et al. (1999) model are validated to predict the two-
phase heat transfer coefficient. The Kido et al. (1995) model fails to provide accurate prediction for most 
of the experimental data sets, except for their R22 data set. The Cavallini et al. (1999) pure refrigerant 
model successfully generated good prediction results for all the available R22 data sets. However, higher 
mean absolute deviations are observed when the model is used for the R12 and R134a data sets. The 
Cavallini et al. (1999) mixture model provides relatively high mean absolute deviation for most of the 
refrigerant mixture data sets. Even though, the mixture model is proposed for zeotropic mixtures only, the 
prediction results suggest that the mixture model can provide relatively good prediction for azeotropic 
mixtures. 
The Cavallini et al. (1999) pure refrigerant model was modified with a set of new empirical 
constants generated with the aid of MathCAD Minimize function. The modified pure refrigerant model 
provides relatively better prediction results than the original Cavallini et al. (1999) pure refrigerant model.  
This modified pure refrigerant model improves the prediction results on the R12 and R134a data sets 
without excessively reducing the model capability of predicting R22 data sets.  The Cavallini et al. (1999) 
mixture model was also modified with the empirical constants generated from the refrigerant mixture data 
sets. The modified mixture model again successfully produces smaller mean absolute deviation on the 
available refrigerant mixture experimental data.
The modified pure refrigerant model and the modified refrigerant mixture model are two 
preliminary models implemented such that they prove the effectiveness of the Minimize function in the 
MathCAD 2000 software.  These two modified models successfully achieve the preliminary objective of 
generating more reliable prediction results with lower mean absolute deviation. 
72







With all the recommendations proposed in chapter 5, the new pure refrigerant model, equation 5.3,
and the refrigerant mixture model, equations 5.5 – 5.7, are expected to generate more accurate predictions 
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